In normal subjects, saccade amplitude inequality can be induced almost immediately when the image is made larger for one eye. This disconjugacy allows binocular fusion at the point of regard despite the image size inequality. It persists under subsequent monocular viewing which suggests a fast adaptive mechanism. This study tests whether such disconjugacy can be induced in subjects with microstrabismus who do not have foveal fusion. Three microstrabismic subjects viewed a random dot pattern the size of which was 10% larger in one eye. Within 40 sec horizontal saccades became larger in the eye viewing the larger image by 4-10%; the induced disconjugacy persisted under subsequent monocular viewing. Thus, fast disconjugate adaptation is possible in microstrabismus demonstrating that foveal fusion is not necessary to achieve it.
INTRODUCTION
For distant viewing, saccades are usually conjugate. Recent studies (van der Steen, 1992; Eggert, Kapoula & Bucci, 1994) , however, have demonstrated that the conjugacy of saccades can be altered very quickly. This was done by asking normal subjects to explore an image the size of which was magnified in one eye by about 10% (aniseikonia). Saccades became unequal in the two eyes immediately; this helped to obtain binocular foveation at the point of regard despite the aniseikonia. Both horizontal and vertical saccades became unequal in the two eyes, although this inequality was larger for horizontal saccades. These disconjugacies persisted even under monocular viewing (in the absence of any disparity cues) tested a few minutes later. This suggests the presence of a fast adaptive mechanism that adjusts the binocular coordination of saccades to the new visual needs.
Such adaptation subserves binocular vision. The exact stimulus and mechanisms involved, however, are not well-understood. Detection of disparity is certainly a prerequisite but the degree of sensory fusion necessary to achieve disconjugate adaptations is not known. The present study examines whether fast disconjugate adaptations are possible in subjects with a long-standing microstrabismus, since they have peripheral fusion but no foveal fusion.
METHODS

Subjects
Three subjects (one male and two female) were studied. Their ages ranged from 22 to 28 yr. All subjects had convergent microstrabismus since childhood and were never treated surgically.
Subject SR (22 yr old) wore glasses with + 5 D in both eyes. Her esotropia was 4 prism D with her spectacles on and 12 16 D without. Thus, her microstrabismus was partially accommodative. She also had a vertical, right-eye hyperdeviation of 2 D. Extensive orthoptic examination was done to assess sensory binocular function. Under monocular viewing she fixated with the fovea of each eye. Under binocular viewing she exhibited a small suppression scotoma of the image in one eye. The presence and size of the scotoma was determined with the use of several clinical tests (Bielchowsky after-image test, Bagolini striated glasses test, 4 prism D base out prism test and Berens prism scale); it subtended about 2 deg horizontally and 3.5 deg vertically. The right eye was dominant but she could alternate the fixating eye easily and rapidly. Ocular dominance was tested with the 4 D base out prism test. This test was done several times with the prism placed either over the left or over the right eye. The eye for which the prism caused more frequently a refixation movement was considered as dominant. Corrected visual acuity was 20/20 for each eye. Fusional amplitudes measured with large images (> 5 deg) by the synoptophore were 2 and 14 prism D for divergence and convergence, respectively. Vertical fusional amplitude was 1.5 D. In summary, this subject had unilateral, alternating, foveal suppression scotoma but perifoveal and peripheral fusion. Stereoacuity was below normal (TNO random dot test for stereopsis, 200 sec arc). She performed our experiment with her spectacles on.
Subject BB (22 yr old) had an esotropia of between 2-6 prism D with and without his spectacles, respectively. His spherical correction was + 1.25 D in the left eye and + 1.50 D in the right eye. He had stopped wearing his spectacles a month before participating in our experiment, and performed it without glasses. Without them, his visual acuity was 20/20 in each eye. He had no bifoveal fusion and a small, central suppression scotoma that could alternate between eyes. The right eye was dominant (4 prism D base out prism test). At far viewing, fusional amplitudes (measured with Berens prism scale) were 4 and 10 D for divergence and convergence, respectively. At close viewing these values were 10 and 26 D. Stereoacuity was below normal (TNO, 150--200 sec of arc).
Subject BG (28 yr old) had an esotropia of 12 prism D (objective angle of deviation measured by the synoptophore). Her subjective angle (synoptophore test, the angle where she saw the images superimposed) was 6 D, indicating a shift in visual direction of 6 D. At the age of 8 yr, during a routine ophthalmological examination visual acuity of the right eye was found to be very poor This study was approved by the French ethics committee CCPPRB n°15. Subjects participated in our experiments after giving informed consent.
Eye movement recording
The head was stabilized by a bite-bar and a forehead rest. Stimulus presentation and data collection were directed by a software developed in UNIX for real-time experiments (REX) and run on a personal computer (HP RS/20). Vertical and horizontal movements of both eyes were recorded simultaneously with the search coil-magnetic field method (Robinson, 1963; Collewijn, Van der Mark & Jansen, 1975) . Each eye was calibrated individually as it viewed a pair ofnonius lines that stepped vertically or horizontally. The distance between the two parallel nonius lines was 5rain arc; subjects were instructed to fixate as accurately as possible between the two lines and, when they felt they succeeded, to push a button. The eye position signals were filtered with a bandwidth of ~200 Hz and digitized with a 12-bit analog-to-digital converter sampling each of the four channels 500 times/sec. These data were stored on digital tape for off-line analysis. The overall system sensitivity was 0.05 deg.
Adaptation paradigm
Subjects sat 1 m in front of a translucent screen. Two projectors were used to project a luminous square filled with a random dot pattern, one to each eye; the dot size was 0.6 cm and the density 1.3 dots/cm 2. The beams of the projectors were polarized 90 deg apart. Subjects viewed through similar polarizers (mounted on a frame attached to the forehead rest). The room was completely dark and no other boundaries or stationary frames were visible to the subjects. The two patterns were identical except that one subtended 35 deg at 1 m viewing distance, the other 38.5 deg (10% uniform magnification). Both patterns were centered on the screen. Subject SR viewed the larger pattern with her right eye; subjects BB and BG with the left eye.
Subjects were asked to saccade back and forth between the center and different points of the pattern located approximately along the horizontal or vertical meridians. A typical sequence was: from center to middle left, then to the left border and then back to the center. Similar sequences were done for the right, up and down fields. Thus, all centrifugal saccades had amplitudes of about 9 deg, all centripetal saccades were about 18 deg. Because of the pattern size inequality, the distance between any two pairs of dots was larger in one eye than the other. Thus, the eye viewing the larger pattern were required to make systematically larger movements if diplopia was to be avoided. Subjects were exposed to this stimulus for a training period of 25 min. They were asked to change the direction of saccades (horizontal or vertical) every 6 min. Eye movements were recorded binocularly not only while the subject viewed the unequally sized patterns but also while viewing the smaller (subject SR, BB) or the larger (subject BG) random dot pattern monocularly, with the left eye. This open loop condition (absence of disparity cues) was recorded both before and after training.
Analysis of data
A polynomial function with five parameters was used to fit the calibration data. Measured eye-position data were thus corrected for the intrinsic sine non-linearity of the coil system and for the tangent screen effect. Off-line computer algorithms based on standard velocity criteria were used to determine the times of saccade onset and offset. Saccade onset was determined at the point where eye velocity reached 5% of the peak velocity; saccade offset was taken as the time when velocity of either eye dropped below 15 deg/sec. The correctness of these marks was verified by a human editor. Post-saccadic eye drift (slow motion of the eyes at the end of the saccade) was determined for a period of 160 msec after saccade offset. For each individual saccade, we measured in degrees, the disconjugacy (left-right eye difference) of the amplitude of the saccade, of post-saccadic drift and of the total of the two (see below)• We use the term intrasaccadic disconjugacy to denote the disconjugacy of the amplitude of the saccade. These disconjugacies were also expressed as a percentage of the saccade amplitude represented by the value averaged over the two eyes. Positive values indicate that the amplitude of the saccade or the final displacement after 160 msec is larger in the left eye or that the left eye has more onward drift than the right eye. Statistical analyses were performed using the Student t-test. • .., position trace of the right eye. For clarity, the beginning of all traces is offset. During training, the subject viewed a random dot pattern which is 10% larger in the right eye. Before and after training saccades are recorded while the subject viewed monocularly the smaller pattern. In all conditions both eyes were recorded simultaneously.
RESULTS
Qualitative results
the smaller pattern with the left eye only, horizontal saccades continued to be larger in the right eye by an amount greater than that seen for baseline recordings.
Vertical saccades recorded before training [ Fig. I (B)] were again larger in the right eye. While viewing the unequal patterns, vertical saccades showed the baseline disconjugacy with no additional increase• After training, vertical saccades under monocular viewing exhibited a slightly larger disconjugacy than that of baseline recordings. Note that for all records shown in Fig. 1 , the disconjugacy occurred during the saccade itself. Postsaccadic drift was negligible. Table 1 shows individual mean disconjugacies (in deg), in the pulsatile component of the saccade (AP), in post-saccadic drift (AD) and the total disconjugacy (AS). These values are shown for baseline saccades recorded under monocular viewing, and after training for both saccades while viewing dichoptically the unequal patterns and under monocular viewing (subjects SR and BG). Subject BB did not tolerate the eye coils well and we had to interrupt the experiment before performing the post-training, monocular viewing. Thus, only normal and during-training data in the presence of the unequal patterns are available from this subject.
Quantitative data
Similarly to normal subjects, rightward saccades were systematically larger in the right, abducting eye [ Table I (A), Before, AP]. For subjects BB and BG, however, this disconjugacy was abnormally large: -0.63 and -1.01 deg, respectively• Note that in normal subjects disconjugacy values are usually <0.5 deg (Collewijn, Erkelens & Steinman, 1988a) . The final displacement after 160 msec [Table I(A), Before, AS] was also larger in the right eye for all three subjects.
In contrast, disconjugacies for leftward saccades were small in amplitude and their sign was variable: for subject BG saccades were slightly larger in the left, abducting eye; for subject SR the right, adducting eye was making slightly larger movements. The saccade amplitude disconjugacy for subject BB was not significantly different from zero. The total disconjugacy was significantly different from zero for subject BG only. Thus, leftward saccades of all subjects were on average remarkably yoked.
Vertical saccades from all microstrabismic subjects [Table I( B) , Before] were larger in the right eye for subjects SR and BB and in the left eye for subject BG. For subjects BB the intrasaccadic and the total disconjugacy were small; only the intrasaccadic disconjugacy was significantly different from zero: -0.11 deg. Subject BG showed similar values, 0.21 and 0.15 deg, of intrasaccadic and total disconjugacy, respectively. For both these subjects vertical disconjugacies represented < 1.5% of the saccade amplitude. In contrast, for subject SR who had a slight, right-eye hyperdeviation, the intrasaccadic and the total disconjugacy were substantial, -0.44 and -0.40 deg (i.e. 4% of the saccade amplitude). In summary, baseline saccades in microstrabismic subjects showed direction-dependent disconjugacy that was (for two subjects) abnormally large for rightward saccades. Leftward saccades for all subjects, and vertical saccades (upward or downward) from the two subjects without vertical deviation were remarkably well-yoked.
Exposure for 25min to unequal images caused additional marked disconjugacy in the amplitude of horizontal saccades [Table I( Viewing a larger image with the left eye dropped this rate to 71%. The total disconjugacy changed its sign in the appropriate direction: from -0.62 to 0.16 deg. Baseline leftward saccades from this subject were frequently (63%) larger in the left eye (mean total disconjugacy was -0.21 deg). During training all leftward saccade~ became larger in the left eye and their mean disconjugacy rose to 0.54 deg. The actual total disconjugacy for rightward saccades was only 10% of the requirement but 32% for leftward saccades.
For all subjects the change in disconjugacy occurred almost entirely during the saccade itself. All changes in the disconjugacy of the amplitude of the saccade were statistically significant [Table I(A), Before vs During training, AP]. In contrast, the change in post-saccadic drift was significant for all subjects for leftward saccades only [ Table I (A), ADJ. The amplitude of these changes was small, 0.27, 0.22 and 0.17 deg for SR, BB and BG, respectively. For rightward saccade a significant change in drift occurred only for subject BB (0.73 deg).
The induced change in saccade amplitude disconjugacy persisted even under subsequent monocular viewing. For subject SR, the amplitude of saccades under monocular viewing recorded after training continued to be larger in the right eye [Table I(A), After training]; the difference from baseline [Table I(A), Before] was statistically significant only for rightward saccades (-0.20 deg vs -0.84 deg). Subject BG showed significant results for both saccade directions. Rightward saccades were still larger in the right eye (rate 99%) but this inequality was significantly smaller than that of baseline saccades. This reduction (-1.01 deg vs -0.72 deg) was appropriate to the former image size inequality used for training. All leftward saccades were larger in the left eye by an amount significantly bigger than that of baseline saccades (0.20 deg vs 0.37 deg). Table I(B) shows the results for vertical saccades. In contrast to horizontal results, for two of the three subjects (SR, BB), the binocular coordination of vertical saccades remained rather unaffected by the image size inequality. Viewing the unequal patterns called for a vertical disconjugacy of 10%. Neither of these subjects responded in this direction [Table I(B) Before vs During training]. Subject SR's saccades, with monocular viewing after training, showed a slight increase (from -0.40 to -0.47 deg) in the total disconjugacy but this was not statistically significant. In subject BG, saccades with monocular viewing after training, showed a small change (0.13 deg) in the intrasaccadic disconjugacy which was statistically significant; there was no significant change, however, in the intrasaccadic disconjugacy for saccades during training. Consequently, it is not clear whether the change under monocular viewing is due to the training or to a spontaneous fluctuation. The other measures of disconjugacy in this subject [Table I(B) During and After training, AS, AD] also showed significant changes; their amplitude, however, was small (0.09-0.3 deg). Thus, in contrast to horizontal saccades, the effects on vertical saccades were very small in amplitude and not found in other subjects. Figure 2 shows the saccade amplitude disconjugacy (AP, in deg) for horizontal saccades from subject BB in the first 2 min of exposure to unequal images. After only about 40 sec (30 saccades), the subject clearly began to make systematically larger saccades in the left eye that viewed the larger pattern. Thus, this form ofdisconjugate saccadic plasticity is remarkably fast.
Time course of the induced disconjugacy
DISCUSSION
Orthoptic examination revealed in two patients the presence of a small, central suppression scotoma which alternated with the fixating eye. The third subject had a 6 prism-D shift of visual direction of the right eye and unilateral mild amblyopia. Consequently, normal bifoveal fusion was not possible in these patients. However, such patients can maintain a certain level of sensory binocular coordination such as peripheral fusion and gross stereopsis (Von Noorden, 1990) . Our oculomotor testing supports the concept of peripheral fusion in the absence of bifoveal fixation. It also suggests that adaptive adjustments in the oculomotor binocular coordination may contribute to this.
Baseline, horizontal saccades were larger in the abducting eye but only for rightward saccades. Leftward saccades were remarkably conjugate. Such directional asymmetry is not seen in normal subjects where movements are slightly larger in the abducting eye regardless of the saccade direction (Collewijn et al., 1988a) .
In patients with significant (>20 prism D), longstanding strabismus and various degrees of amblyopia, De Faber, van Rijn and Collewijn (1993) saccade. Saccades in the direction of the non-dominant amblyopic eye showed smaller disconjugacy ( < 1.2 deg). Why such large and direction specific disconjugacies occur is not clear; these authors could not find any correlation with the type of strabismus (esotropia or exotropia) or with the degree of amblyopia. The disconjugacies of the microstrabismic subjects studied here were much smaller, but in two of the three subjects (SR and BB) the largest saccade amplitude inequality occurred also for saccades where the right, dominant eye abducted. Vertical saccades were not studied by De Faber et al. (1993) . In our subjects, vertical saccades tended to be larger also in the dominant eye (right eye for subjects SR and BB, left eye for subject BG). Thus, similarly to patients with large strabismus, the small baseline disconjugacy seen in microstrabismic subjects is direction specific. Further studies of a larger population of microstrabimics would be necessary, however, to confirm the direction for which the disconjugacy is larger and to understand its cause. Our interest here was in the capability of microstrabismic subjects to make functional changes in their baseline disconjugacy. When exposed to an experimental aniseikonia, all subjects were able to alter rapidly and significantly the disconjugacy of their horizontal saccades. Such responses apparently helped to retain perifoveal and peripheral binocular fusion around the endpoint of the saccade despite the image size inequality. The persistence of disconjugacy under subsequent monocular viewing suggests the presence of a fast adaptive mechanism capable of modifying the binocular coordination of saccades. We conclude that a fast, disconjugate, oculomotor adaptive mechanism is preserved in microstrabismus, at least for horizontal saccades.
The inequality in saccade amplitude could be produced by scaling differently for each eye the pulse-step signals of the saccadic innervation on the basis of the disparity experienced. The disconjugacy induced, however, appeared almost immediately (from the first 40 sec, see Fig. 2 ). Such fast disconjugate changes in saccade coordination could be produced by a saccadic vergence command. Detection of disparity in the periphery before each saccade would produce a rapid vergence change during the saccade to maintain binocular fixation. The persistence of the disconjugacy in the absence of disparity cues (subsequent monocular viewing) is attributed to learning plasticity. Subjects could learn to combine a saccade command with a preprogrammed intrasaccadic vergence command to eliminate disparity. Once learned, the vergence command would be triggered by the saccade program itself and operate without visual cues. Vergence eye movements are known to be slow. They are, however, much faster when they occur during a saccade, e.g. when we fixate between targets that differ both in direction and in distance (e.g. Enright, 1984 Enright, , 1986 Erkelens, Steinman & Collewijn, 1989; Zee, Fitzgibbon & Optican, 1992) . To explain vergence acceleration during a saccade Zee et al. proposed a link between saccade and vergence bursters via the saccade omnipausers. The fast disconjugate adaptations described herein could use the same circuit.
The fact that fast changes in the disconjugacy of vertical saccades could not be reliably induced may be due to the limited range of vertical fusional movements. In normal subjects, vertical saccades are remarkably yoked (Collewijn, Erkelens & Steinman, 1988b) . Fast vertical disconjugate adaptations are possible but are smaller in amplitude than horizontal adaptations (Lemij & Collewijn, 1991; van der Steen, 1992) .
While the mechanism responsible for this form of fast, disconjugate motor plasticity remains debatable, the use of microstrabismic subjects illustrates that foveal fusion is not required to achieve it.
